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ABSTRACT Spatialorganizationwithinbacteriaisfundamentaltomanycellularprocesses,althoughthebasicmechanismsun-
derlyinglocalizationofproteinstospeciﬁcsiteswithinbacteriaarepoorlyunderstood.Thestudyofproteinpositioninghas
beenlimitedbyapaucityofmethodsthatallowrapidlarge-scalescreeningformutantsinwhichproteinpositioningisaltered.
Wedevelopedageneticreportersystemforproteinlocalizationtothepolewithinthebacterialcytoplasmthatallowssaturation
screening for mutants in Escherichia coli in which protein localization is altered. Utilizing this system, we identify proteins re-
quiredforproperpositioningofthe ShigellaautotransporterIcsA.Autotransporters,widelydistributedbacterialvirulencepro-
teins,aresecretedatthebacterialpole.WeshowthattheconservedcelldivisionproteinFtsQisrequiredforlocalizationofIcsA
andotherautotransporterstothepole.Wedemonstratefurtherthatthissystemcanbeappliedtothestudyofproteinsother
thanautotransportersthatdisplaypolarpositioningwithinbacterialcells.
IMPORTANCE Manyproteinslocalizetospeciﬁcsiteswithinbacterialcells,andlocalizationtothesesitesisfrequentlycriticalto
properproteinfunction.Themechanismsthatunderlieproteinlocalizationareincompletelyunderstood,inpartbecauseofthe
paucityofmethodsthatallowsaturationscreeningformutantsinwhichproteinlocalizationisaltered.Wedevelopedagenetic
reporterassaythatenablesscreeningofbacterialpopulationsforchangesinlocalizationofproteinstothebacterialpole,andwe
demonstratetheutilityofthesysteminidentifyingfactorsrequiredforproperlocalizationofthepolar Shigellaautotransporter
proteinIcsA.Usingthismethod,weidentifytheconservedcelldivisionproteinFtsQasbeingrequiredforpositioningofIcsAto
thebacterialpole.WedemonstratefurtherthattherequirementforFtsQforpolarpositioningappliestootherautotransporters
andthatthemethodcanbeappliedtopolarproteinsotherthanautotransporters.
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T
heproperlocalizationofproteinsinbacterialcellsiscriticalto
many cellular processes, including virulence, DNA replica-
tion, chromosome segregation, cell division, chemotaxis, gene
transfer, and motility. Detailed molecular understanding of how
proteins localize in bacteria is incomplete. A major challenge in
the investigation of the mechanism of protein localization has
been the paucity of methods that enable screening of large num-
bers of mutants for defects in protein localization. While previ-
ously published large-scale screens have yielded important in-
sights, they have depended on microscopic visualization of
individual mutants (e.g., see references 1, 2), which is tedious and
time-consuming.
Inrod-shapedbacteria,asubsetofproteinslocalizetothebac-
terial pole. Among these are autotransporter proteins, the largest
group of secreted proteins in Gram-negative bacteria. Autotrans-
porters are outer membrane proteins that are secreted at the bac-
terialpole,containalargedomainexposedonthebacterialsurface
(see Fig. S1a in the supplemental material), and commonly play a
roleinvirulence(3–5).ThemodelautotransporterIcsAfromShi-
gella mediates assembly of an actin tail at the bacterial pole that
propels the intracellular bacterium through the intestinal epithe-
liumduringinfectioninhumans(6).Likeotherautotransporters,
IcsA is secreted across the cytoplasmic membrane via the Sec se-
cretion apparatus (7), is inserted into and translocated across the
outer membrane in a process that requires the outer membrane
insertase BamA (YaeT, Omp85) (8), and is localized to the bacte-
rial pole (4).
Localization of IcsA to the bacterial pole occurs in the cyto-
plasm prior to secretion across the cytoplasmic membrane (7, 9).
Although IcsA is present only in Shigella spp., the molecular
mechanism that localizes IcsA to the pole is conserved among a
wide variety of Gram-negative bacteria (9, 10).
Currently,toourknowledge,therearenomethodsthatenable
large-scale genetic screening of spatial positioning of proteins in
bacteria. Using IcsA, we developed a reporter assay for protein
localization within the bacterial cytoplasm that allows saturation
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lizingthisassay,weidentifyproteinsrequiredforproperposition-
ing of IcsA and other autotransporters at the bacterial pole. We
demonstratefurtherthatthissystemcanbesuccessfullyappliedto
the study of proteins other than autotransporters that localize to
the bacterial pole.
RESULTS
ReportersystemforIcsAlocalizationinthebacterialcytoplasm.
To identify proteins involved in polar localization of IcsA, we
developed a reporter system for IcsA localization in the bacterial
cytoplasm based on the premise that fusion of a transcription
regulator to IcsA in the cytoplasm might sequester the transcrip-
tion regulator at the pole and disrupt its ability to regulate its
cognateoperons.CRP(cyclicAMPreceptorprotein),atranscrip-
tionfactorrequiredforuptakeandutilizationofmaltose(11),was
translationally fused to the carboxy terminus of a derivative of
IcsA that localizes to the pole and yet remains in the cytoplasm
because it lacks a signal peptide (the entire  domain, residues 53
to757[seeFig.S1binthesupplementalmaterial])(9).Onmaltose
utilization indicator (maltose MacConkey) medium, wild-type
(WT) Escherichia coli (strain MG1655), which can utilize maltose
as a carbon source, formed red colonies and a crp mutant, which
cannot utilize maltose, formed white colonies; similarly, on malt-
ose minimal medium, the wild-type strain grew well, but the crp
mutant did not grow (Fig. 1a). A crp mutant directing the synthe-
sis of the fusion of IcsA53-757 to CRP (IcsA53-757-CRP) formed
whitecoloniesonindicatormediumanddidnotgrowonmaltose
minimalmedium,whereasthesamemutantdirectingthesynthe-
sis of CRP alone or an IcsA-CRP fusion protein lacking the IcsA
polar localization signal (IcsA507-729-CRP) was able to use malt-
ose on both media (Fig. 1a). Because an IcsA53-757-GFP fusion
protein localizes to the bacterial pole and an IcsA507-729-GFP fu-
sion protein is diffuse (see Fig. S1c) (9), the inability of cells con-
tainingIcsA53-757-CRPtoutilizemaltoseislikelyduetosequestra-
tion of the fusion protein at the pole, thereby disrupting CRP
activity, and the ability of IcsA507-729-CRP to utilize maltose is
likely due to delocalization of the fusion protein. To further test
the hypothesis that sequestration of the fusion protein at the pole
isresponsibleforthemaltoseutilization-minusphenotypeofcells
containing IcsA53-757-CRP, we provided excess full-length un-
tagged IcsA from a multicopy vector, which is capable of displac-
ing localized (nonaggregated) IcsA-green ﬂuorescent protein
(GFP) fusion proteins from the pole (9, 12, 13). Cells containing
the IcsA53-757-CRP fusion protein together with excess full-length
IcsA were once again able to utilize maltose (Fig. 1a), providing
strong support for the inference that the IcsA53-757 moiety can
sequester CRP at the cell pole.
To examine the position of the CRP reporter fusions in these
cells, we placed a GFP tag at the C termini of IcsA53-757-CRP and
IcsA507-729-CRP.CellscontainingIcsA53-757-CRP-GFPdisplayed
focithatwerepolarlylocalized(Fig.1b,toprow,arrows),whereas
cells containing IcsA507-729-CRP-GFP displayed a diffuse signal
(Fig. 1b, third row). The GFP foci were visualized only upon in-
duction of expression by addition of low concentrations of the
inducer anhydrotetracycline (50 ng/ml), which reﬂects the low
FIG 1 Reporter assay for positioning of proteins at the bacterial pole. (a) Maltose utilization phenotype of indicated E. coli MG1655 strains. icsA53-757, polar
cytoplasmicderivativeofIcsA;icsA507-729,delocalizedderivativeofIcsA;p-icsA,full-lengthicsA.or,growthorabsenceofgrowth,respectively,onmaltose
minimalmedium.Redcolony,maltoseutilization;whitecolony,maltosenonutilizationonmaltoseMacConkeyindicatoragar.(b)PositionsofIcsA53-757-CRP-
GFPandIcsA507-729-CRP-GFPinMG1655crp.Arrows,polarfociofIcsA53-757-CRP-GFP.(c)MaltoseutilizationphenotypeofMG1655crporcrpcheA,carrying
a plasmid carrying cheY::crp or cheZ::crp. Predicted CRP position, putative positioning of fusion based on observed maltose utilization phenotype. (d) Colony
phenotypeonindicatormediumcontainingvarioussugars.NotethecorrelationofthespeciﬁcityofthephenotypewithmultipleCRP-dependentoperonsbeing
required for sugar utilization. N/A, not applicable. Bars, 5 mm.
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same vector in the experiments described above, which were per-
formed in the absence of inducer (see comparison to level of syn-
thesis of native IcsA [see Fig. S2a in the supplemental material]).
The two GFP fusion proteins were produced at similar levels (see
Fig.S2b).Thesedataprovideadditionalevidencefortheinference
that IcsA53-757-CRP sequesters CRP at the pole and IcsA507-729-
CRP does not.
Further validation of this reporter system was provided by the
observationthatfusionofCRPtoeachoftwootherpolarproteins,
thesolublechemotaxisproteinsCheYandCheZ,alsodisruptedits
activity (Fig. 1c). The localization of CheY or CheZ to the pole is
dependent on the polar membrane-associated histidine kinase
CheA (14), and expression of either the cheY::crp or cheZ::crp fu-
sionfromamulticopyplasmidinacheAcrpstrainrescuedmaltose
utilization (Fig. 1c), consistent with sequestration of CRP at the
pole by the fusion proteins being dependent on CheA. These re-
sults demonstrate that IcsA is not unique in its ability to interfere
with the function of a fused transcription regulator by sequester-
ing it at the pole and suggest that this capability may be a general
featureofpolarproteins.Thus,theinabilityofaCRP-minusstrain
containing a polar protein fusion to CRP to utilize maltose as a
carbon source correlates with polar localization of the protein-
CRP fusion.
AsCRPisrequiredforthetranscriptionalactivationofoperons
that encode proteins for the utilization of any of several sugars as
carbon sources by the bacterium, we tested whether utilization of
sugarsotherthanmaltosecouldserveasareadoutforthisreporter
system. On indicator medium that contained rhamnose, growth
of the E. coli crp strain carrying the polar IcsA53-757-CRP reporter
construct or the nonpolar IcsA507-729-CRP control construct re-
producedthephenotypesobservedonmaltoseindicatormedium,
with cells carrying IcsA53-757-CRP growing as white colonies and
cells carrying IcsA507-729-CRP growing as red colonies (Fig. 1d).
However, on indicator medium that contained lactose, ribose, or
xylose, both the cells carrying IcsA507-729-CRP and the cells car-
rying IcsA53-757-CRP grew as red colonies (Fig. 1d). The parent
E.colicrpstrainwasunabletometabolizeanyofthesesugars,since
in all cases it grew as white colonies (Fig. 1d), indicating that the
red colony color of cells carrying IcsA53-757-CRP upon growth on
lactose, ribose, or xylose was due to binding of the CRP moiety of
the fusion protein to cognate CRP promoters in these cells. We
speculate that these differences reﬂect the ability of IcsA-CRP
molecules that are sequestered at the pole to access the transcrip-
tionalunitsrequiredforutilizationofeachofthesesugars.Forthe
utilization of maltose or rhamnose, CRP regulates multiple oper-
ons, and multiple CRP binding sites at a distance from one an-
other must be occupied to activate transcription of these operons
(11, 15). In contrast, for utilization of lactose, ribose, or xylose,
either sugar utilization itself depends on transcription of only a
single operon, or if transcription of multiple operons is required,
CRP activates only one of them (16–18). The position of the CRP
binding sites relative to the E. coli origin was not sufﬁcient to
explain the sugar utilization phenotype on the basis of the origin
being generally positioned near the bacterial pole (see Table S1 in
the supplemental material). Instead, when CRP-dependent acti-
vationofonlyasingleoperonisrequired,wespeculatethat,within
a subpopulation of cells in each colony, the chromosome will at
timesbepositionedsuchthatthecognateCRPbindingsitewillbe
sufﬁciently close to the bacterial pole to permit binding and acti-
vation, leading to sugar utilization and red colony color (see
Fig.S3).Sinceonly3kbseparatesthetwositesrequiredforrham-
nose utilization, relatively short distances between CRP binding
sites may be sufﬁcient to prevent coordinated binding of seques-
teredCRP;alternatively,thetworhamnoseCRPbindingsitesmay
not be simultaneously accessible due to other aspects of chromo-
some positioning or structure. Alternatively, these ﬁndings could
potentially be explained by the level of production of IcsA53-757-
CRPbeingsufﬁcienttooccupyonebindingsitebutinsufﬁcientto
occupytwoorthreebindingsitesorbydifferencesintheafﬁnities
ofIcsA53-757-CRPforthevariousbindingsites.However,theﬁnd-
ings described below, in which elevated levels of RpoS resulting
from disruption of rssB lead both to rescue of maltose utilization
(Fig. 2a) with no change in the level of production of IcsA53-757-
CRP (see Fig. S2a) and to delocalization of IcsA507-620-GFP
(Fig.2b),indicatethatthislevelofproductionofIcsA53-757-CRPis
sufﬁcienttooccupyallthreeCRPbindingsiteswithinthemaltose
operons and that differences in afﬁnities for these sites do not
determine maltose utilization. These ﬁndings suggest that IcsA-
CRP sequestered at the pole retains its ability to activate CRP-
dependent promoters and that the limitation on its ability to ac-
tivate cognate promoters may result from the positioning of the
chromosome in the cells.
High levels of RpoS (sigma S) disrupt localization of IcsA to
thepole.ToidentifynonessentialgenesinvolvedintargetingIcsA
tothepole,weperformedalarge-scaletransposonmutagenesisof
crpcellscontainingIcsA53-757-CRP,ﬁrstselectingformutantsthat
displayedrescueofgrowthonmaltoseminimalmediumandsub-
sequentlyscreeningthesemutantsforredcolonycoloronmaltose
indicator medium. Utilization of maltose was rescued only by
transposoninsertionsinrssBorintheplasmidcarryingicsA53-757::
crp. Insertions in the plasmid most likely led to production of
nonsequestered CRP and were thus not studied further. A strain
with a nonpolar deletion of rssB also formed red colonies, and
maltose nonutilization was rescued by expression of rssB in trans
(Fig. 2a; Table 1), indicating that the maltose utilization pheno-
typeoftherssBmutantwasduetothetransposoninsertioninrssB.
To visualize localization of IcsA in the cytoplasm, we tagged IcsA
withGFP,usingforthesestudiesIcsAresidues507to620(IcsA507-
620-GFP[seeFig.S1dinthesupplementalmaterial]),theminimal
internal fragment of IcsA53-757 that localizes to the pole, because
this fragment is slightly more efﬁcient at localizing the fused GFP
moiety to the pole than are residues 53 to 757 (9). The rssB muta-
tioncausedIcsAdelocalizationinthecytoplasm,sinceIcsA507-620-
GFP was diffuse in crp rssB cells and yet polar in crp cells (Fig. 2b
and 2c; see also Table S2) while being produced at similar levels
under the two conditions.
The protein encoded by rssB, RssB (SprE), targets the sigma
factor RpoS (sigma S) to the ClpXP protease complex during the
exponential phase of growth, leading to RpoS degradation (19)
(see Fig. S2c in the supplemental material). During late exponen-
tial phase, RpoS levels in the crp rssB mutant were 10-fold higher
than those in crp cells (see Fig. S2e), as seen previously (20, 21).
IcsA delocalization was due to the high levels of RpoS, since dis-
ruption of rpoS in the crp rssB p-IcsA53-757-CRP strain caused loss
of maltose utilization (Fig. 2a; Table 1) and in the crp rssB
p-IcsA507-620-GFP strain restored polar GFP foci (Fig. 2b; see also
Table S2). Moreover, inactivation of the ClpXP protease complex
by disruption of clpP in the crp p-IcsA53-757-CRP strain restored
maltose utilization in a manner dependent on rpoS (Fig. 2a; Ta-
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lower levels of RpoS (see Fig. S2f) but may be due to either the
slower growth of Clp strains (22) or the accumulation of another
ClpP substrate that also inﬂuences maltose utilization. Of note,
insertions in clpP and clpX were not isolated in our transposon
mutagenesis selection, likely because the slower growth of these
strainsmaycausethemutantstobemissed.Wedidnotattemptto
overexpress rpoS from an inducible promoter, since it is difﬁcult
to increase levels of RpoS by this approach due to its tight post-
translational regulation. Altogether, these data demonstrate that
high levels of RpoS disrupt polar localization of IcsA and validate
the ability of the CRP reporter system to identify cells in which
IcsA is delocalized.
RpoS accumulates in stationary phase. In wild-type cells,
IcsA507-620-GFPlocalizedtothepoleduringexponentialphasebut
wasdelocalizedathighcelldensityinamannerdependentonrpoS
(Fig. 2c; see also Table S2 in the supplemental material), while
IcsA507-620-GFPlevelsweresimilar.InShigellaﬂexneri,thedisrup-
tion of rssB led to undetectable IcsA on the bacterial surface (IcsA
aspolaron99%2%ofwild-type[WT]cellsversus1%0%
of rssB cells, P  6  108 [see Fig. S4a and Table S3]) and in cell
lysates (see Fig. S4b). The absence of IcsA in this strain could be
consistentwiththepresenceofhighlevelsofRpoSinterferingwith
proper targeting of IcsA that in turn causes it to be unstable. We
were unable to directly test whether the block in IcsA secretion
and/orstabilityinthesecellswasduetoelevatedRpoSlevels,since
introductionofamutationinrpoSintotheS.ﬂexnerirssB(butnot
the E. coli rssB) background led to a high rate of cell lysis (see
Table S3). We have previously observed a signiﬁcant decrease in
IcsA signal and localization to the pole in stationary-phase S. ﬂex-
neri serotype 5 strain M90T (23); however, this effect or the levels
of RpoS in stationary phase appear to be somewhat strain depen-
FIG 2 High levels of RpoS disrupt localization of IcsA to the bacterial pole. (a) Maltose utilization phenotypes on maltose MacConkey indicator agar of the
indicated E. coli MG1655 strains, each carrying the icsA53-757::crp reporter. (b and d) Positions of IcsA507-620-GFP in each of the indicated derivatives of E. coli
MG1655. GFP ﬂuorescence and phase micrographs. (c) Levels of IcsA53-757-GFP in indicated derivatives of MG1655, corresponding to panel b. For each
construct, breakdown of fusion protein yields some free GFP, which is likely responsible for the diffuse signal in those strains with polar foci and for part of the
diffuse signal in the crp rssB strain. Numbers at left are molecular masses in kilodaltons. Bars, 5 mm (a) and 10 m (b and d).
TABLE 1 Maltose utilization and RpoS levels in E. coli MG1655 strains
Strain
Maltose utilization
RpoS levela Growth on minimal medium Colony color on indicator medium
WT, stationary phase  Red 1.0
WT, exponential phase NDb ND BDc
crp p-icsA53-757::crp strain  White BD
crp rssB p-icsA53-757::crp strain  Red 1.4
crp rssB p-icsA53-757::crp p-rssB strain ND White ND
crp rpoS p-icsA53-757::crp strain  White BD
crp rssB rpoS p-icsA53-757::crp strain  White BD
crp clpP p-icsA53-757::crp strain ND Red 1.3
crp clpP rpoS p-icsA53-757::crp strain ND White BD
a RpoS levels were determined for exponential-phase growth in rich media, except where otherwise indicated, and were normalized to the level in WT stationary-phase cells.
b ND, not determined.
c BD, below the level of detection.
Fixen et al.
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decreases in IcsA signal and localization in stationary phase were
modest (IcsA was polar on 99%  2% of exponential-phase cells
versus54%34%ofstationary-phasecells,P0.08[seeFig.S4a
and Table S3]). This suggests that while markedly increased levels
ofRpoSseeninrssBstrainsmaybesufﬁcienttointerferewithIcsA
localization, moderately increased levels seen in stationary phase
have strain-dependent effects on IcsA localization.
TheconservedcelldivisionproteinFtsQisrequiredforIcsA
localizationtothebacterialpole.RpoSactivatesthetranscription
of a large number of genes (19). We postulated that a component
of the IcsA polar localization machinery might be inhibited by a
factor synthesized under the control of RpoS, in which case over-
productionofthiscomponentofthepolarlocalizationmachinery
might titrate out the inhibitory factor, thereby rescuing polar lo-
calization of IcsA. From among plasmids of a multicopy E. coli
chromosomal library introduced into the crp rssB p-IcsA53-757-
CRP strain, the essential cell division gene ftsQ (Fig. 3a) in an
operonwiththepeptidoglycanbiosynthesisgeneddlBrescuedthe
white colony phenotype on maltose indicator medium. In the
presence of the ddlB-ftsQ region, but not of vector alone, IcsA507-
620-GFP localized to the pole in both exponential-phase crp rssB
cells and stationary-phase wild-type cells (Fig. 3b; Table 2), with-
out signiﬁcant alteration of IcsA507-620-GFP or RpoS levels (see
Fig.S2dandS2einthesupplementalmaterial).ftsQalonerestored
polar localization of IcsA507-620-GFP, whereas ddlB alone did not
(Fig. 3b; Table 2), suggesting that the function of FtsQ in this
phenotype may be inhibited by elevated levels of RpoS and that
FtsQ may be a component of the machinery required to localize
IcsA to the pole.
In its native context, IcsA localizes to the poles in the outer
membraneofShigellasp.(4).TheftsQ1(Ts)alleleofftsQcontains
anE125Kmutation,whichleadstodysfunctionofFtsQatelevated
temperatures, inhibition of septation, and ﬁlamentation (24).
Since IcsA expression is optimal at 37°C, this was used as the
restrictive temperature in these experiments. In S. ﬂexneri cells in
FIG3 ConservedcelldivisionproteinFtsQisrequiredforlocalizationofIcsAtothepole.(a)Hierarchicalrecruitmentofcelldivisionproteins(33).(b)Position
of IcsA507-620-GFP in E. coli MG1655 or an MG1655 crp rssB mutant, carrying vector, p-ddlB-ftsQ,p - ddlB,o rp - ftsQ, grown to stationary or exponential phase.
(c)DistributionofnativeIcsAonthesurfaceofintactcellsofWTS.ﬂexneri2457ToranftsQ1(Ts)derivativevisualizedbyimmunoﬂuorescence(IF).Growthwas
at 37°C, the restrictive temperature for ftsQ1(Ts) cells, for 1 h. Aztreonam was used to ﬁlament WT (WT  aztr) and complemented ftsQ1(Ts) cells during the
1-hperiod;additionofaztreonampersehadnoeffectondistributionofIcsA.(d)RescueofcelldivisionuponshiftofS.ﬂexneri2457TftsQ1(Ts)to30°Cfollowing
2 h of growth at 37°C. Bars, 10 m.
TABLE 2 Distribution of GFP- or mCherry-tagged cytoplasmic derivative of IcsA (IcsA507-620-GFP or IcsA507-620-mCherry) in E. colia
Relevant genotype (growth phase)
Distribution of IcsA-GFP or IcsA-mCherry (% of cells)
Foci at poles Diffuse
crp rssB p-vector (exponential) 15  5b,c 86  5
crp rssB p-ddlB-ftsQ (exponential) 85  1b 15  1
crp rssB p-ftsQ (exponential) 75  8c 26  8
crp rssB p-ddlB (exponential) 14  38 6  3
WT p-vector (stationary) 19  8d,e 81  8
WT p-ddlB-ftsQ (stationary) 97  1d 3  1
WT p-ftsQ (stationary) 91  4e 9  4
WT p-ddlB (stationary) 7  19 3  1
WT att-gfp (stationary) 16  6f,g 84  6
WT att-gfp::qqq (stationary) 82  6f 18  6
WT att-gfp::ffq (stationary) 85  4g 15  4
a All strains are MG1655 and its derivatives, except for chromosomal integrants of gfp, gfp::qqq, and gfp::ffq, which are in the KS272 background.
b P  0.03.
c P  0.01.
d P  0.03.
e P  0.003.
f P  0.007.
g P  0.005.
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by growth at 37°C, IcsA was distributed circumferentially around
the ﬁlamented cells (Fig. 3c), whereas in wild-type cells grown at
37°C,similartopreviousresults(4),IcsAwaslocalizedtothepoles
on 43%  6% of the cells, reﬂective of its localization under these
growth conditions to the older of the two bacterial poles of most
cells. To test whether ﬁlamentation per se inﬂuenced IcsA local-
ization, wild-type cells were ﬁlamented with aztreonam, which
inhibitsthecelldivisionproteinFtsI;IcsAlocalizedtothepolesof
thesecells(Fig.3c)[ﬁlamentpoleswithIcsAat37°C,2%2%of
ftsQ1(Ts)cellsversus98%2%ofWTcells,P5.5107].The
presence of IcsA at both poles of most ﬁlamented wild-type cells,
but only the older pole of dividing wild-type cells, has been noted
previously (12) and suggests that the newer pole matures during
ﬁlamentationinsuchawayastoenablelocalizationtothesesites.
Polar localization of IcsA in the ftsQ1 strain grown at 37°C was
rescued by the presence of ftsQ in trans (Fig. 3c). Altered IcsA
localization was not due to loss of cell viability, since shifting cells
to 30°C after growth at 37°C rescued both cell division (Fig. 3d)
and polar localization of IcsA (IcsA was polar on 17%  7% and
27%  1% of cells after shifting to 30°C for 1 and 2 h, respec-
tively). These ﬁndings indicate that FtsQ function is required for
localization of native IcsA to the poles of S. ﬂexneri.
Cell division proteins other than FtsQ are not required for
establishing IcsA polarity. The cell division proteins FtsB and
FtsL form a complex with FtsQ (Fig. 3a) (25). We examined
whether these and cell division proteins that lie downstream of
FtsQ in the cell division recruitment cascade might also be re-
quired for proper IcsA localization. Chromosomal overproduc-
tion of FtsB was able to rescue polarity of cytoplasmic IcsA in
stationary-phase E. coli (see Fig. S5a in the supplemental mate-
rial), as did multicopy or chromosomal overproduction of FtsQ
(Fig.3b;seealsoFig.S5a),whilechromosomaloverproductionof
all other downstream cell division proteins did not (see Fig. S5a),
raising the possibility that FtsB might be required for establishing
IcsA polarity. However, on S. ﬂexneri cells that had been depleted
of FtsB, IcsA localized to the pole similarly to its localization on
wild-type S. ﬂexneri (see Fig. S5b), suggesting that FtsB is not
requiredforestablishingIcsApolarityandthatoverproductionof
FtsBunderourexperimentalconditionsmayincreaseFtsQstabil-
ity or alter FtsQ function.
TheperiplasmicdomainofFtsQissufﬁcientforestablishing
IcsA polarity. FtsQ is a bitopic membrane protein with a short
cytoplasmictail(residues1to24),atransmembranesegment(res-
idues 25 to 49), and a 227-residue periplasmic domain (residues
50to276).Duringseptation,FtsQlocalizestothecytokineticring
at midcell (Fig. 4a) (26). In stationary-phase cells, GFP-tagged
FtsQ localized to the membrane circumferentially around the en-
tirecell,whereascytoplasmicIcsA507-620-mCherrylocalizedtothe
pole(Fig.4b).AnFtsQchimericproteininwhichthecytoplasmic
and transmembrane segments of MalF have replaced these do-
mains of FtsQ (FFQ) is mildly defective in localization to midcell
butrecruitsdownstreamcelldivisionproteins(26).TheFFQcon-
struct rescued IcsA507-620 localization (Fig. 4c and Table 2), indi-
catingthattheperiplasmicdomainofFtsQissufﬁcienttoestablish
IcsA polarity. The ability of the periplasmic domain of FtsQ to
rescuepolarlocalizationofcytoplasmicIcsAindicatesthattherole
of FtsQ in IcsA polarity is due to an indirect relationship between
the two proteins.
FtsQisrequiredforestablishingpolarityofotherautotrans-
porter proteins. Like IcsA, other bacterial autotransporters are
secreted at the cell pole (3). We tested whether the Shigella auto-
transporter SepA required FtsQ for localization to the pole in the
bacterial cytoplasm by determining the localization of a GFP-
tagged derivative of SepA that remains in the cytoplasm by virtue
of lacking the Sec recognition sequence within its signal peptide
(SepA1-24/57-1042-GFP)(3).LikeIcsA,theGFP-taggedcytoplasmic
derivative of SepA localizes GFP to the pole of E. coli during the
exponentialphaseofgrowth(3).AlsolikeIcsA,duringstationary-
phase growth, this GFP-tagged SepA was diffuse in wild-type
E.colibut,inthepresenceofmulticopyFtsQ,localizedtothepole
(seeFig.S6ainthesupplementalmaterial),indicatingthatFtsQis
requiredfortheestablishmentofthepolarpositionalinformation
recognized by both IcsA and SepA in the bacterial cytoplasm.
We tested whether the localization of autotransporters other
thanIcsAtothepoleonthebacterialsurfaceisdependentonFtsQ.
SepA is not well suited to this analysis because surface-exposed
SepA is efﬁciently cleaved and is thus difﬁcult to detect (3). BrkA,
an autotransporter from the distantly related Gram-negative coc-
cobacillary pathogen Bordetella pertussis, is secreted at the pole of
B. pertussis and, upon heterologous expression, at the pole of
E. coli as well (3). We introduced a plasmid carrying brkA into an
S. ﬂexneri derivative that lacks icsA and sepA by virtue of having
been cured of the Shigella large plasmid that carries these genes
(strain BS103). On the surface of BS103, BrkA was distributed
asymmetrically (see Fig. S6b in the supplemental material). Its
distribution was less polarized than that of IcsA, likely because
IcsAismaintainedintightpolarcapsonShigellainpartasaresult
of its regulated cleavage from the surface by speciﬁc proteases (3,
FIG4 Periplasmic domain of FtsQ is sufﬁcient to establish polar localization
ofIcsA.(aandb)DistinctdistributionofIcsA507-620-mCherryandGFP-FtsQ.
Exponential(a)-orstationary(b)-phasecellsexpressingfunctionalGFP-FtsQ,
synthesized under the control of IPTG (strain JOE226 [exponential phase] or
JOE654 [stationary phase]) and carrying episomally encoded IcsA507-620-
mCherry (IcsA-mCh) or mCherry (mCh). Unind or ind, uninduced or in-
duced synthesis of GFP-FtsQ, respectively. IcsA507-620-mCherry synthesis was
induced under all conditions. (c) Distribution of IcsA507-620-mCherry in
stationary-phase E. coli MC4100 carrying gfp (control), gfp-qqq (QQQ), or
gfp-ffq (FFQ). Diagram of QQQ and FFQ constructs is below the panels. Gray
shading, FtsQ domains; black shading, MalF domains. Bars, 5 m.
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by growth at 37°C, BrkA was absent from the poles and localized
along the length of the cell (see Fig. S6c). In contrast, in the pres-
ence of FtsQ, either by virtue of growing the ftsQ1(Ts) strain at
25°C or by complementing cells grown at the restrictive tempera-
ture with a wild-type allele of ftsQ, BrkA localized asymmetrically
at and near the poles of the cell (see Fig. S6c). On the other hand,
FtsQhadnoeffectonlocalizationtothepoleofthenonautotrans-
porterpolarproteinsCheYandCheZ.Theseﬁndingsindicatethat
FtsQisrequiredforlocalizationtothepoleofmultipleautotrans-
porters from distantly related organisms, suggesting that FtsQ
may be generally required for the localization of autotransporters
to the pole.
DISCUSSION
Spatial positioning of proteins is critical to multiple bacterial cel-
lular processes. Bacterial proteins critical to virulence, DNA rep-
lication, chromosome segregation, cell division, chemotaxis, and
other processes are positioned at one or both poles, at midcell, on
the chromosome, to an endospore, or to another speciﬁc site
withinthecell.Theproperpositioningofmanyoftheseproteinsis
a prerequisite for normal function. Enzymatic assays have existed
that indicate whether a speciﬁc protein is located within the cyto-
plasm or in an extracytoplasmic compartment; these assays typi-
cally use beta-galactosidase or alkaline phosphatase as a reporter
and permit the determination of the subcellular localization of a
protein on a large scale within the cells of bacterial colonies (29,
30). However, because their ability to distinguish bacterial com-
partments is based on the redox potential of the compartment,
which is constant throughout the compartment, these enzymatic
assays provide no information on protein positioning within the
compartments.
Despite the importance of spatial positioning within the cyto-
plasm, to our knowledge, no methods have existed previously for
detecting on a large scale the position of speciﬁc proteins within
thecytoplasmofbacterialcells.Thereporterassaythatwedescribe
here provides this functionality. We demonstrate the ability not
only to discriminate in individual bacterial strains whether the
polarproteinIcsAisatthepoleorisdelocalizedfromthepolebut
also to perform large-scale selection for second-site mutations
thatleadtoitsdelocalizationandlarge-scalescreeningforlocithat
rescue its polar positioning in a strain background in which it is
delocalized. This reporter system is adaptable to proteins other
thanIcsAthatlocalizetothepoleinthecytoplasm,sincethepolar
chemotaxis proteins CheY and CheZ each functioned similarly to
IcsA in the assay (Fig. 1c).
Ourﬁndingsareconsistentwithamodelinwhich,inanygiven
cell,whenCRPissequesteredatthebacterialpole,itcannotaccess
all of the binding sites necessary to enable sugar utilization (see
Fig. S3 in the supplemental material). Our results suggest that the
high speciﬁcity of the reporter system for maltose (or rhamnose)
utilization is due to the requirement for CRP to bind to multiple
promoter binding sites for utilization of that particular sugar
(Fig. 1d). Consequently, we anticipate that the system will be
adaptabletoproteinsthatarenotpolarandhavespeciﬁcnonpolar
positions,sincedistantbindingsiteswillbeequallyinaccessiblein
aggregatetoanactivatorthatissequesteredanywhereinthecyto-
plasm. Similarly, it seems likely that transcriptional reporters
other than CRP that must bind multiple chromosomal sites to
produce a particular phenotype will also work as reporters. Thus,
thisreportersystemislikelytobeapplicabletothestudyofawide
range of bacterial proteins. The ability to discern the distribution
of a protein within the bacterial cytoplasm in a high-throughput
fashion will likely have broad-reaching applications.
One potential limitation of this system is the requirement that
the readout (e.g., maltose utilization) depend on the reporter
bindingtomultiplesitesonthechromosome;therequirementfor
CRP in either maltose utilization or rhamnose utilization meets
these requirements. A second limitation of the system is that the
reporter must retain its activity upon fusion to the targeting pro-
tein. Given that multiple transcription activators are functional
when fused to bait proteins in two-hybrid systems, this limitation
is unlikely to be a major restriction. Finally, a potential limitation
is that because the number of copies of the fusion protein in our
cells is very low compared to native IcsA (see Fig. S2a in the sup-
plemental material), it can be difﬁcult to visualize the position of
the IcsA-CRP reporter fusion protein in individual cells. We were
not able to detect it by immunoﬂuorescence using antibodies to
IcsAorCRP;wewereabletodetectitonlyafterfusiontoaGFPtag
and induction of expression with low concentrations of anhydro-
tetracycline (Fig. 1b). However, with different reporters or differ-
ent antibodies, detection of an untagged reporter by immunoﬂu-
orescence might be possible.
Our initial selection, designed to identify nonessential genes
required for polarity of an IcsA-CRP reporter, resulted in the
demonstration that elevated levels of RpoS block IcsA polarity.
RpoScouldtheoreticallyblockIcsApolaritybynegativelyregulat-
ing expression of ftsQ; instead, however, RpoS is known to be an
inducer of expression from one of two ftsQ promoters in E. coli
(31,32),indicatingthatRpoSregulationofftsQisnotthecauseof
the FtsQ-dependent phenotype that we observed. RpoS regulates
entry into stationary phase, yet levels of IcsA in S. ﬂexneri are
diminishedduringstationaryphase(23).Moreover,duringinfec-
tion of mammalian cells, Shigella spp. are continuously dividing
andusingIcsAtospreadintoadjacentcells,suchthatbacterialcell
density likely never reaches that of stationary phase.
We demonstrate that the cell division protein FtsQ is required
forlocalizationofIcsAandotherautotransporterstothebacterial
pole. In most bacteria, FtsQ is required for cell division, a process
that involves assembly of a cytokinetic ring of FtsZ at midcell,
followedbyconstrictionofthatring,leadingtoinvaginationofthe
cellenvelopeandformationofaseptumatmidcell.FtsQfunctions
inthemiddleofthecelldivisioncascade(Fig.3a),isdependenton
FtsK for its recruitment to midcell, and in turn is required for
recruitment of FtsB and FtsL (33). The fact that the periplasmic
domain of FtsQ is sufﬁcient for its function in IcsA localization
suggests that an extracytoplasmic activity of FtsQ contributes to
the establishment of bacterial poles. Other than its role in recruit-
ment of FtsB and FtsL, the molecular function of FtsQ in the cell
division process is unknown. We speculate, as others have done
previously(34,35),thattheperiplasmicdomainofFtsQiscritical
to the remodeling of peptidoglycan that normally occurs in con-
junction with cell division and that may contribute to the estab-
lishment of autotransporter polarity. The methodology for assay-
ing protein position described here, which enabled the
identiﬁcation of a role for FtsQ in polar localization of autotrans-
porters, has the potential to be a powerful tool for the study of
positional information relevant to a wide range of proteins that
localize to the bacterial pole.
Reporter System for Polar Positioning of Proteins
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Bacterial strains, plasmids, and libraries. Strains and plasmids used in
this study are listed in Table S4 in the supplemental material. Unless
otherwise indicated, E. coli strains were grown in LB at 37°C, and S. ﬂex-
neristrainsweregrowninTCS(tryptocaseinsoybroth)at37°C.ftsQ1(Ts)
strains were maintained at 30°C. Maltose MacConkey indicator plates
were MacConkey agar base (Difco) supplemented with 0.2% maltose.
Maltose minimal medium was M63 medium supplemented with 0.2%
maltose. Where appropriate, antibiotics were added at the indicated con-
centrations: kanamycin, 50 g/ml; ampicillin 100 g/ml; chlorampheni-
col, 25 g/ml; tetracycline, 12.5 g/ml; spectinomycin, 100 g/ml.
Genetic manipulations. pBAD-IcsA507-620-GFP, pBAD-IcsA1-104-
GFP, and pBAD-IcsA507-729-GFP, which encode translational fusions of
IcsA polypeptides to GFP or mCherry under the control of the arabinose
promoter, as well as pBR322-icsA, which carries icsA under the control of
the native promoter, have been described elsewhere (9, 36). pBAD-
IcsA507-620-mCherryispBAD33carryingatranslationalfusionofthecod-
ing sequence for icsA507-620 to mCherry. To generate p-icsA53-757::crp,s e -
quence encoding IcsA amino acids 53 to 757 with an initiating
methionine, fused in frame via a 3-alanine linker (GCG GCC GCA) to
amino acid 2 of CRP, was cloned into a derivative of pZE21-MCS-1 (37).
The C-terminal CRP fusion to IcsA507-729, which lacks polar targeting
sequencesandislocalizeddiffusely(9),wasconstructedinthesameman-
ner. Insertion of the GFP tag at the C terminus of IcsA53-757-CRP and
IcsA507-729-CRP was by overlap extension PCR using as template for the
GFP tag a derivative of gfp in which TTG replaces the ATG (lab stock).
Expression of each icsA::crp fusion is under the control of a leaky,
tetracycline-induciblepromoterandwasperformedwithouttheaddition
of exogenous inducer, with the exception of experiments involving mi-
croscopic analysis of the position of IcsA53-757-CRP-GFP and IcsA507-
729-CRP-GFP,inwhichcasecellswereharvestedfollowinginductionwith
50 ng/ml of anhydrotetracycline for 50 min at 37°C.
pAJ61 was created from p-icsA53-757::crp by swapping the origin of
replicationofp-icsA53-757::crpwiththatofpZA31-luc(37).pVS1,carrying
cheY, and pVS53, carrying cheZ, were the gift of H. Berg (14). p-cheY::crp
was created by amplifying the coding sequence of cheY as a BamHI-NotI
fragment from pVS1 by PCR. p-cheZ::crp was created by amplifying the
codingsequenceofcheZasaBamHI-NotIfragmentfrompVS53byPCR.
The resulting products were digested with BamHI and NotI and ligated
into the BamHI and NotI sites of p-icsA53-757::crp. p-crp was created by
amplifying the coding sequence of crp as a BamHI-MluI fragment from
thechromosomebyPCR.TheresultingproductwasdigestedwithBamHI
and MluI and ligated into the BamHI and MluI sites of p-icsA53-757::crp.
A multicopy library of the E. coli MC4100 chromosome was con-
structed by partially digesting MC4100 chromosomal DNA with Sau3AI,
isolating DNA fragments between 3 and 10 kb by agarose gel electropho-
resis, and ligating the size-selected DNA into the medium-copy-number
vector pACYC184. Within this library, 80% of clones contained inserts
largerthan3kb.ThelibrarywastransformedintoE.colicrprssB(p-icsA53-
757::crp)cells,andtransformantswereplatedonmaltoseMacConkeyagar.
A total of 7,500 colonies were screened, 8% of which were white. Plasmid
DNA was isolated from 73 randomly selected white colonies, and the 5=
and3=endsoftheinsertsweresequencedtoidentifythegeneticcontentof
the plasmid insert.
To create p-ddlB, the coding sequence of ddlB along with 762 bp up-
streamofitstranslationstartcodonwasampliﬁedfromp-ddlB-ftsQasan
XbaI-SphI fragment by PCR. The resulting product was digested with
XbaI and SphI and ligated into the XbaI and SphI sites of pAYC184. To
create p-ftsQ, the coding sequence of ftsQ along with 575 bp upstream of
its start codon was ampliﬁed from p-ddlB-ftsQ as a HindIII and SphI
fragment by PCR. The resulting product was digested with HindIII and
SphI and ligated into the HindIII and SphI sites of pAYC184.
Sequence analysis was performed to verify that each construct was
correct. Transduction was performed with P1L4 phage by standard pro-
cedures. The sequences of primers used in PCR and sequencing are avail-
able from the authors upon request.
The ftsQ1(Ts) allele was introduced into S. ﬂexneri wild-type strain
2457T and virulence plasmid-cured strain BS103 by P1 transduction of
the allele, which is linked to leu::Tn10, from E. coli strain MDG149. The
presence of the ftsQ1(Ts) allele was veriﬁed by testing transductants for
temperature-sensitivegrowthandﬁlamentationatelevatedtemperatures.
Transposon mutagenesis. A transposon library was generated in
E. coli crp (p-icsA53-757::crp) cells using a mini-Tn10 (Cmr) delivered by
lambdaNK1324,asdescribedelsewhere(38).Theselectionoftransposon
insertionsthatresultinutilizationofmaltosewasperformedbygrowthon
maltose minimal medium. Approximately 13,000 individual transposon
insertion mutants were screened, as estimated by plating in parallel on
maltose MacConkey agar. The ability of colonies that grew on maltose
minimalmediumtoutilizemaltosewasveriﬁedbyredcolonycolorupon
replica plating on maltose MacConkey agar.
Localization of IcsA, FtsQ, and CRP fusions. The localization of
IcsA507-620-GFP or -mCherry was determined by induction of protein
synthesis from an arabinose-inducible promoter following growth either
to mid-exponential phase or overnight to stationary phase at 37°C. For
determination of IcsA507-620-GFP or -mCherry localization in mid-
exponential-phaseCRPcells, L-arabinosewasaddedto0.2%andgrowth
wascontinuedforanadditional30minat30°C.BecauseCRPistranscrip-
tionally active at arabinose promoters, cells carrying a deletion of crp
displayed reduced expression from arabinose-inducible promoters;
therefore, induction of arabinose-inducible IcsA fusions from these pro-
moters was for 90 to 120 min at 37°C, which resulted in levels of IcsA507-
620-GFP comparable to those in CRP cells. To determine IcsA localiza-
tion in stationary phase, expression of IcsA507-620-GFP or -mCherry was
induced by the addition of 0.2% L-arabinose to overnight cultures for 60
to 90 min at 30°C. For stationary-phase colocalization of GFP-FtsQ or
expression of FFQ or QQQ, 1 mM IPTG (isopropyl--d-
thiogalactopyranoside) was included in overnight cultures. SepA1-24/57-
1042-GFP expression was induced by the addition of L-arabinose to 0.2%
for 40 min at 30°C in stationary-phase MG1655. Depletion of functional
FtsQ in ftsQ1 strains was accomplished by shifting to growth at 37°C or
42°Cfor60to150min.DepletionofFtsBorFtsLinDJS86andDJS87was
accomplished by growth in the absence of arabinose for 60 to 180 min.
Filamentation with aztreonam was performed by adding it to 1 g/ml for
50to60min.FixationanddetectionofIcsAonthesurfaceofbacteriawere
performed as described previously (4). Alternatively, cells were labeled
with primary and secondary antibodies prior to ﬁxation.
Western blot analysis. Whole-cell proteins were prepared from bac-
terial cultures immediately before microscopy. Protein loading was nor-
malizedtocelldensity,andallsodiumdodecylsulfate-polyacrylamidegel
electrophoresis (SDS-PAGE) gels consisted of 5% stacking and 10% sep-
arating layers. Western blot analysis was carried out using standard pro-
tocols, using antibodies to IcsA (4) at a 1:10,000 dilution, isocitrate dehy-
drogenase(ICDH;giftfromA.L.Sonenshein)ata1:10,000dilution,RpoS
(Neoclone) at a 1:5,000 dilution, or GFP (Molecular Probes or Roche) at
a 1:1,000 dilution. RpoS levels were determined by band densitometry
using IP Laboratory (Scanalytics) software.
Microscopy. For microscopic observation, cells were mounted onto
1% agarose pads or glass coverslips. Microscopy was performed by using
a 100 oil-immersion objective lens on a Nikon TE300 microscope with
Nikon or Chroma Technology ﬁlters. Images were captured digitally us-
ing a black-and-white CoolSnap HQ charge-coupled device camera and
IP Laboratory (Scanalytics) software.
Statistical analysis. Tabulation of protein localization was conducted
in a blinded fashion. For each set of experiments, 30 or more cells were
analyzed in each of three independent experiments. For GFP fusions, if a
focus was present at a cell pole, the cell was scored as polar, and if there
werenofoci,itwasscoredasdiffuse.Weneverobservedcellswithfocithat
were only at sites other than a pole. The statistical signiﬁcance of differ-
encesbetweenexperimentalresultswasdeterminedusingaStudentttest.
Fixen et al.
8
® mbio.asm.org March/April 2012 Volume 3 Issue 2 e00251-11ACKNOWLEDGMENTS
This work was supported by Public Health Service grant R01 AI035817
from the National Institutes of Health (to M.B.G.) and American Heart
Association fellowship 0425855T (to A.J.).
WethankC.-R.YiandL.Stammforcarefulreadingofthemanuscript;
J. Kahane, D. Raj, and W. Lane for technical assistance; and A. L. Sonen-
shein, J. Beckwith, and R. Fernandez for reagents.
SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org
/lookup/suppl/doi:10.1128/mBio.00251-11/-/DCSupplemental.
Figure S1, TIF ﬁle, 1.3 MB.
Figure S2, TIF ﬁle, 1.6 MB.
Figure S3, TIF ﬁle, 0.3 MB.
Figure S4, TIF ﬁle, 2.6 MB.
Figure S5, TIF ﬁle, 2.5 MB.
Figure S6, TIF ﬁle, 1 MB.
Table S1, DOC ﬁle, 0.1 MB.
Table S2, DOC ﬁle, 0.1 MB.
Table S3, DOC ﬁle, 0.1 MB.
Table S4, DOC ﬁle, 0.1 MB.
REFERENCES
1. Ausmees N, Kuhn JR, Jacobs-Wagner C. 2003. The bacterial
cytoskeleton: an intermediate ﬁlament-like function in cell shape. Cell
115:705–713.
2. Nilsen T, Yan AW, Gale G, Goldberg MB. 2005. Presence of multiple
sites containing polar material in spherical Escherichia coli cells that lack
MreB. J. Bacteriol. 187:6187–6196.
3. Jain S, et al. 2006. Polar localization of the autotransporter family of large
bacterial virulence proteins. J. Bacteriol. 188:4841–4850.
4. Goldberg MB, Bârzu O, Parsot C, Sansonetti PJ. 1993. Unipolar local-
ization and ATPase activity of IcsA, a Shigella ﬂexneri protein involved in
intracellular movement. J. Bacteriol. 175:2189–2196.
5. Henderson IR, Navarro-Garcia F, Desvaux M, Fernandez RC,
Ala’Aldeen D. 2004. Type V protein secretion pathway: the autotrans-
porter story. Microbiol. Mol. Biol. Rev. 68:692–744.
6. Goldberg MB. 2001. Actin-based motility of intracellular microbial
pathogens. Microbiol. Mol. Biol. Rev. 65:595–626.
7. Brandon LD, et al. 2003. IcsA, a polarly localized autotransporter with an
atypical signal peptide, uses the Sec apparatus for secretion, although the
Sec apparatus is circumferentially distributed. Mol. Microbiol. 50:45–60.
8. Jain S, Goldberg MB. 2007. Requirement for YaeT in the outer mem-
brane assembly of autotransporter proteins. J. Bacteriol. 189:5393–5398.
9. Charles M, Pérez M, Kobil JH, Goldberg MB. 2001. Polar targeting of
Shigella virulence factor IcsA in Enterobacteriaceae and Vibrio. Proc.
Natl. Acad. Sci. U. S. A. 98:9871–9876.
10. Sandlin RC, Maurelli AT. 1999. Establishment of unipolar localization of
IcsAinShigellaﬂexneri2aisnotdependentonvirulenceplasmiddetermi-
nants. Infect. Immun. 67:350–356.
11. Chapon C. 1982. Role of the catabolite activator protein in the maltose
regulon of Escherichia coli. J. Bacteriol. 150:722–729.
12. Janakiraman A, Goldberg MB. 2004. Evidence for polar positional infor-
mation independent of cell division and nucleoid occlusion. Proc. Natl.
Acad. Sci. U. S. A. 101:835–840.
13. Nilsen T, Ghosh AS, Goldberg MB, Young KD. 2004. Branching sites
and morphological abnormalities behave as ectopic poles in shape-
defective Escherichia coli. Mol. Microbiol. 52:1045–1054.
14. Sourjik V, Berg HC. 2000. Localization of components of the chemotaxis
machinery of Escherichia coli using ﬂuorescent protein fusions. Mol. Mi-
crobiol. 37:740–751.
15. Wickstrum JR, Santangelo TJ, Egan SM. 2005. Cyclic AMP receptor
protein and RhaR synergistically activate transcription from the
L-rhamnose-responsive rhaSR promoter in Escherichia coli. J. Bacteriol.
187:6708–6718.
16. Lopilato JE, Garwin JL, Emr SD, Silhavy TJ, Beckwith JR. 1984.
D-ribose metabolism in Escherichia coli K-12: genetics, regulation, and
transport. J. Bacteriol. 158:665–673.
17. Spassky A, Busby S, Buc H. 1984. On the action of the cyclic AMP–cyclic
AMPreceptorproteincomplexattheEscherichiacolilactoseandgalactose
promoter regions. EMBO J. 3:43–50.
18. Song S, Park C. 1997. Organization and regulation of the D-xylose oper-
ons in Escherichia coli K-12: XylR acts as a transcriptional activator. J.
Bacteriol. 179:7025–7032.
19. Hengge-Aronis R. 2002. Signal transduction and regulatory mechanisms
involved in control of the sigma(S) (RpoS) subunit of RNA polymerase.
Microbiol. Mol. Biol. Rev. 66:373–395.
20. Mufﬂer A, Fischer D, Altuvia S, Storz G, Hengge-Aronis R. 1996. The
response regulator RssB controls stability of the sigma(S) subunit of RNA
polymerase in Escherichia coli. EMBO J. 15:1333–1339.
21. Pratt LA, Silhavy TJ. 1996. The response regulator SprE controls the
stability of RpoS. Proc. Natl. Acad. Sci. U. S. A. 93:2488–2492.
22. Damerau K, St John AC. 1993. Role of Clp protease subunits in degra-
dation of carbon starvation proteins in Escherichia coli. J. Bacteriol. 175:
53–63.
23. Goldberg MB, Theriot JA, Sansonetti PJ. 1994. Regulation of surface
presentationofIcsA,aShigellaproteinessentialtointracellularmovement
and spread, is growth phase dependent. Infect. Immun. 62:5664–5668.
24. Chen JC, Minev M, Beckwith J. 2002. Analysis of ftsQ mutant alleles in
Escherichia coli: complementation, septal localization, and recruitment of
downstream cell division proteins. J. Bacteriol. 184:695–705.
25. Buddelmeijer N, Beckwith J. 2004. A complex of the Escherichia coli cell
division proteins FtsL, FtsB and FtsQ forms independently of its localiza-
tion to the septal region. Mol. Microbiol. 52:1315–1327.
26. Chen JC, Weiss DS, Ghigo JM, Beckwith J. 1999. Septal localization of
FtsQ, an essential cell division protein in Escherichia coli. J. Bacteriol. 181:
521–530.
27. Shere KD, Sallustio S, Manessis A, D’Aversa TG, Goldberg MB. 1997.
Disruption of IcsP, the major Shigella protease that cleaves IcsA, acceler-
ates actin-based motility. Mol. Microbiol. 25:451–462.
28. Egile C, d’Hauteville H, Parsot C, Sansonetti PJ. 1997. SopA, the outer
membrane protease responsible for polar localization of IcsA in Shigella
ﬂexneri. Mol. Microbiol. 23:1063–1073.
29. Broome-Smith JK, Spratt BG. 1986. A vector for the construction of
translational fusions to TEM beta-lactamase and the analysis of protein
export signals and membrane protein topology. Gene 49:341–349.
30. Manoil C, Beckwith J. 1986. A genetic approach to analyzing membrane
protein topology. Science 233:1403–1408.
31. SitnikovDM,SchinellerJB,BaldwinTO.1996.Controlofcelldivisionin
Escherichia coli: regulation of transcription of ftsQA involves both rpoS
and SdiA-mediated autoinduction. Proc. Natl. Acad. Sci. U. S. A. 93:
336–341.
32. Ballesteros M, Kusano S, Ishihama A, Vicente M. 1998. The ftsQ1p
gearbox promoter of Escherichia coli is a major sigma S-dependent pro-
moter in the ddlB-ftsA region. Mol. Microbiol. 30:419–430.
33. Buddelmeijer N, Beckwith J. 2002. Assembly of cell division proteins at
the E. coli cell center. Curr. Opin. Microbiol. 5:553–557.
34. Mengin-Lecreulx D, van Heijenoort J, Park JT. 1996. Identiﬁcation of
the mpl gene encoding UDP-N-acetylmuramate: L-alanyl-gamma-D-
glutamyl-meso-diaminopimelate ligase in Escherichia coli and its role in
recycling of cell wall peptidoglycan. J. Bacteriol. 178:5347–5352.
35. Uehara T, Park JT. 2002. Role of the murein precursor UDP-N-
acetylmuramyl-L-Ala-gamma-D-Glu-meso-diaminopimelicacid-D-Ala-
D-Alainrepressionofbeta-lactamaseinductionincelldivisionmutants.J.
Bacteriol. 184:4233–4239.
36. Magdalena J, Goldberg MB. 2002. Quantiﬁcation of Shigella IcsA re-
quired for bacterial actin polymerization. Cell Motil. Cytoskeleton 51:
187–196.
37. Lutz R, Bujard H. 1997. Independent and tight regulation of transcrip-
tional units in Escherichia coli via the LacR/O, the TetR/O and AraC/I1-I2
regulatory elements. Nucleic Acids Res. 25:1203–1210.
38. Kleckner N, Bender J, Gottesman S. 1991. Uses of transposons with
emphasis on Tn10. Methods Enzymol. 204:139–180.
Reporter System for Polar Positioning of Proteins
March/April 2012 Volume 3 Issue 2 e00251-11
® mbio.asm.org 9